12, 13). Key mediators of asthma pathogenesis include cytokines produced by Th2 and Th17 cells, chemokines, lipid mediators, and reactive oxygen species (3) . Recently, an apolipoprotein E (apoE)-low-density lipoprotein receptor (LDLR) pathway has been found to play an unexpected role in modifying the pathogenesis of experimental house dust mite (HDM)-induced airway disease by functioning as an endogenous negative regulator of AHR and mucous cell metaplasia (39) . Genome-wide profiling of the murine lung transcriptome identified apoE as a gene with persistently upregulated expression despite corticosteroid treatment following HDM challenge. apoE Ϫ/Ϫ mice were found to have augmented AHR and mucous cell metaplasia, which could be rescued by administration of an apoE mimetic peptide corresponding to the LDLR binding domain of apoE. ApoE, which is expressed by CD68 ϩ alveolar macrophages, was shown to induce its effects through the LDLR, which is expressed by ciliated bronchial epithelial cells. Consistent with this, LDLR Ϫ/Ϫ mice also displayed an asthma phenotype of enhanced AHR and mucous cell metaplasia but were resistant to rescue by the apoE mimetic peptide.
The gene encoding human apoE (huApoE) is polymorphic, with three common alleles that have substitutions at amino acids 112 and 158 (24, 42) . ApoE ε3, the most common allele, encodes for a cysteine at amino acid 112 and an arginine at amino acid 158. In contrast, apoE ε2 encodes for cysteines at both sites, whereas apoE ε4 encodes for arginines at both sites. The apoE alleles alter the conformation of the apoE protein and thereby modify its interaction with the LDLR. ApoE2 has markedly reduced binding to the LDLR, with less than 2% LDLR binding compared with apoE3, whereas apoE3 and apoE4 both avidly bind the LDLR (24, 42) .
Because the apoE2 protein is selectively deficient in binding to the LDLR, we hypothesized that carriers of the apoE ε2 allele would have more severe manifestations of asthma compared with carriers of the apoE ε3 and ε4 alleles, which avidly bind the LDLR (24) . To assess whether the polymorphic apoE alleles modify the severity and pathogenesis of asthma, we administered repeated nasal HDM challenges to knockin mice that have been genetically engineered to express the huApoE ε2, ε3, or ε4 alleles, which were compared with wild-type mice expressing the murine apoE (muApoE) allele (19, 32, 33) . Here, we show that the polymorphic huApoE alleles differentially modulate airway responses to repeated nasal HDM challenges, which can be stratified, in rank order of increasing disease severity, ε3 Ͻ ε4 Ͻ ε2. These results suggest that the huApoE alleles might modify disease severity in asthma. N8], which had been backcrossed at least eight times onto a C57BL/6 background, were obtained from Taconic (Hudson, NY). The humanized apoE ε2, ε3, and ε4 knockin mice were created by replacing exons 2-4 of the muApoE gene with the corresponding exons of the huApoE ε2, ε3, and ε4 alleles to generate a chimeric locus that is regulated by murine regulatory elements and murine exon 1 but encodes huApoE proteins. Thus the expression of the humanized apoE isoforms remains under the control of the endogenous murine promoter (19, 32, 33) . Airway disease was induced by nasal inhalation of Dermatophagoides pteronyssinus extract (Greer, Lenoir, NC), 25 g of protein in 10 l of saline, for 5 days each week, for 5 consecutive weeks, as previously described (16) . The HDM extract contained 0.05 U per l of endotoxin. Control mice received nasal inhalation of 10 l of saline as a comparator. Experimental protocols were approved by the Animal Care and Use Committee of the National Heart, Lung and Blood Institute. Two independent experiments were performed with ten mice per group.
MATERIALS AND METHODS

Nasal
Airway hyperreactivity. Airway resistance was measured in anesthetized mice using an Elan RC Fine Pointe system (Buxco, Wilmington, North Carolina). Following cannulation of the trachea with a 19-gauge beveled metal catheter, mice received mechanical ventilation with a constant inspiratory flow. Mice then received increasing doses of nebulized methacholine or PBS. Airway resistance was recorded at 10-s intervals for 3 min, and average values are presented as cm H2O/ml per second.
Bronchoalveolar lavage fluid cells. Bronchoalveolar lavage was performed three times with 0.5 ml of PBS. Red blood cells were lysed with ACK buffer for 2 min at 4°C, and cells were resuspended in 0.3 ml RPMI-1640 containing 10% FBS. Total cells were counted using a hemocytometer. Differential cell counts were performed on DiffQuik-stained cytospin slides (Siemens, Deerfield, IL).
Lung histopathological examination. Lungs were inflated to a pressure of 25 cm H20 before fixation in 10% formalin for 24 h, dehydrated through gradient ethanol, and embedded in paraffin before cutting of sagittal sections at a thickness of 5 m. Sections were stained with hematoxylin and eosin or periodic acid-Schiff (PAS). Quantification of mucous cell metaplasia was performed as previously described (39) . The number of airways containing PAS-positive cells in all the airways present [large (conducting), medium (central), and small (distal)] within representative lung sections was counted. Mucous cell metaplasia is presented as the percentage of airways containing PAS-positive cells. The number of airways inspected in each animal is also presented.
Quantitative RT-PCR. Lungs were minced into 1-mm pieces and stored in RNAlater (Ambion, Austin, TX) at Ϫ80°C. Total RNA was subsequently isolated using the mirVana kit (Ambion), and contaminating DNA was removed by treatment with 10 U of DNase I per 20 g of RNA. RNA was then reverse transcribed into cDNA using the high-capacity cDNA Reverse Transcription kit (Applied Biosystems, Foster City, CA). cDNA was amplified using TaqMan Universal PCR Master Mix, FAM dye-labeled Taqman MGB probes, and a 7500 Real-Time PCR System running Sequence Detector version 2.1 software. apoE mRNA levels in muApoE mice were determined using primers that recognize muApoE, whereas apoE mRNA levels in huApoE mice were determined using primers that recognize huApoE. Gene expression was quantified relative to expression of 18S rRNA using one of the saline-challenged muApoE mice as the calibrator for (24 g ) were separated by SDS-PAGE using 10% Bis-Tris Nupage gels (Invitrogen), electroblotted onto nitrocellulose membranes, and reacted with primary antibodies for 2 h at 4°C. The goat polyclonal antibody that reacts with huApoE was from Millipore (Billerica, MA), whereas the mouse monoclonal anti-␤-actin antibody was from Sigma-Aldrich (St. Louis, MO). Blots were washed five times with PBS plus 0.2% Tween 20 and incubated with appropriate secondary antibodies for 1 h. The donkey anti-rabbit and sheep anti-mouse horseradish peroxidase-conjugated antibodies were from GE Healthcare Lifesciences (Piscataway, NJ). Following repeat washing, signals were detected using a chemiluminescent substrate (Super Signal; Pierce, Rockford, IL). Densitometry was performed using ImageJ software (NIH, Bethesda, MD).
Statistics. Results are presented as means Ϯ SE. A one-way ANOVA with a Bonferroni's multiple-comparison test (to correct for 3 comparisons to the muApoE group) was utilized for all analyses with the exception of airway hyperreactivity experiments, in which case a two-way ANOVA with a Bonferroni posttest test was used for repeated measures of airway resistance in each animal to increasing doses of methacholine. A P value Ͼ0.05 was considered significant. Statistical analyses were performed with GraphPad Prism version 5.0a.
RESULTS
Humanized apoE 3 and 4 mice are protected from HDMinduced increases in airway hyperreactivity. Humanized apoE knockin mice that express huApoE alleles ε2 (huApoE2), ε3 (huApoE3), and ε4 (huApoE4) were challenged with HDM or saline (Control) to assess whether allelic differences modify AHR responses compared with wild-type C57BL/6 mice that express the muApoE gene. As shown in Fig. 1 , there was no difference in basal levels of AHR in saline-challenged wild-type mice expressing the muApoE allele and mice expressing the huApoE2, huApoE3, and huApoE4 alleles. Airway resistance to increasing doses of methacholine was similar between muApoE and huApoE2 mice. In contrast, huApoE3 and huApoE4 mice did not develop HDM-induced increases in AHR. Furthermore, airway resistance in HDM-challenged huApoE4 mice was significantly reduced compared with saline-challenged huApoE4 mice. These data suggest that the huApoE3 and E4 alleles confer a protective phenotype against HDM-induced AHR, whereas the huApoE2 allele does not.
HDM-induced mucous cell metaplasia is attenuated in humanized apoE 3 mice. In addition to its role as a negative regulator of AHR, apoE also attenuates mucous cell metaplasia (39) . Therefore, experiments were conducted to assess whether allelic differences in huApoE modify HDM-induced mucous cell metaplasia. As shown in Fig. 2 , mRNA levels of the Muc5AC mucin gene and Clca3 (gob5), a calcium-activated chloride channel that is associated with mucous cell metaplasia, were significantly reduced in HDM-challenged huApoE3 mice compared with muApoE mice (26) . In contrast, huApoE2 and huApoE4 mice showed reductions in mRNA levels for Muc5AC, but not for Clca3. Next, the effect of huApoE alleles on mucous cell metaplasia was assessed. As shown in Figs. 2C and 3, mucous cell metaplasia was reduced in HDM-challenged huApoE3 mice compared with muApoE mice, whereas the level of mucous cell metaplasia was not different between huApoE2 or huApoE4 mice compared with muApoE mice. Taken together, these results demonstrate that mice expressing the huApoE3 allele have a reduced burden of mucous cell metaplasia compared with mice expressing the muApoE allele.
HDM-induced airway inflammation is reduced in mice expressing the huApoE3 allele. We have previously shown that, although HDM-induced airway inflammation is not altered in apoE Ϫ/Ϫ mice, administration of an apoE mimetic peptide corresponding to the LDLR binding domain of apoE can prevent the induction of airway inflammation (39) . This suggests that apoE might play a role in the regulation of HDMinduced airway inflammation. Therefore, we assessed the role of huApoE alleles in modifying the inflammatory response to HDM challenge. As shown in Fig. 4 , the total number of bronchoalveolar lavage fluid (BALF) cells, as well as the number of eosinophils and lymphocytes were decreased in HDM-challenged huApoE3 mice, compared with muApoE mice. Similarly, lung histology revealed a marked decrease in peribronchial inflammation in huApoE3 mice compared with muApoE mice (Fig. 3) . In contrast, there was no difference in the total number of BALF inflammatory cells or inflammatory cell subtypes in either huApoE2 or huApoE4 mice compared with muApoE mice. Lung histology at baseline did not appear different between the groups. Taken together, these data demonstrate that mice expressing the huApoE3 allele have lower levels of HDM-induced airway inflammation compared with mice expressing the muApoE allele.
Effect of huApoE alleles on serum IgE levels following HDM challenge. Increased IgE production is a hallmark of allergic asthma. As shown in Fig. 5 , there was no difference in serum IgE levels between HDM-challenged muApoE and huApoE2 mice, whereas serum IgE levels were lower in huApoE4 mice. Although serum IgE levels appeared to be decreased in HDMchallenged huApoE3 mice compared with HDM-challenged muApoE mice, these reductions did not reach statistical significance. When serum IgE levels were compared amongst the HDM-challenged huApoE mice, the differences between the groups were statistically significant (n ϭ 19 -20, P Ͻ 0.02, 1-way ANOVA), with the highest levels in huApoE2 mice and the lowest levels in huApoE4 mice. This demonstrates that IgE production is reduced in HDM-challenged mice expressing the huApoE4 allele, whereas HDM-challenged mice expressing the huApoE3 allele have an intermediate phenotype.
Expression of Th2 and Th17 cytokines is attenuated in humanized apoE 3 mice following HDM challenge. We next assessed whether huApoE alleles modify the expression of Th2 and Th17 cytokines and chemokines as a mechanism by 3 3 Fig. 1 . Humanized apolipoprotein E (apoE) ε3 and ε4 mice are protected from house dust mite (HDM)-induced airway hyperreactivity. Airway hyperreactivity in wild-type C57BL/6 mice (murine apoE, muApoE) was compared with mice expressing human apoE2 (huApoE2) (A), apoE3 (huApoE3) (B), or apoE4 (huApoE4) (C) proteins, following daily nasal challenge with either saline (control) or HDM for 5 days per week for 5 wk. Airway resistance (cm H20/ml per s) was measured following nebulization of increasing doses of methacholine (n ϭ 8 -10 mice, *P Ͻ 0.001 at the 10 mg/ml dose of methacholine for huApoE ϩ HDM vs. muApoE ϩ HDM). Results are representative of 2 independent experiments. which the severity of airway inflammation may be attenuated in huApoE3 mice. As shown in Fig. 6 , HDM-challenged huApoE3 mice had significant reductions in mRNA levels of the Th2 cytokines, IL-4 and IL-13, as well as the Th17 cytokine, IL-17A, compared with muApoE mice. IL-10 mRNA levels were also reduced in huApoE3 mice. huApoE4 mice also had reductions in mRNA levels of IL-4 and IL-13 compared with muApoE mice. In contrast, there was no difference in lung cytokine expression between huApoE2 and muApoE mice. These results show that, compared with mice expressing the muApoE allele, those expressing the huApoE3 or huApoE4 alleles have reduced expression of Th2 cytokines, whereas only mice expressing the human ε3 allele have reduced expression of Th17 cytokines.
Lung chemokine expression is modified in HDM-challenged mice expressing huApoE alleles. Because chemokines participate in mediating the recruitment of lymphocytes and eosinophils to the airway, lung mRNA levels were quantified to assess whether the huApoE2, 3, and 4 alleles modify chemokine expression as an additional mechanism by which airway inflammation may be modulated. Compared with muApoE mice, those expressing the huApoE3 or 4 alleles had significant reductions in lung mRNA levels of CCL7 (MCP-3), CCL11 (eotaxin-1), and CCL24 (eotaxin-2), all of which induce the chemotaxis of T cells and eosinophils (Fig. 7) (2, 36, 40) . In contrast, compared with muApoE mice, huApoE2 mice demonstrated increased expression of lung mRNA levels of CCL17 (TARC), a chemokine product of dendritic cells and airway epithelial cells that induces Th2 T cell chemotaxis to the lung via CCR4 during allergic airway inflammation (2, 29) .
Effect of huApoE alleles on lung apoE protein expression. Lastly, we assessed whether the effects of the huApoE alleles in HDM-challenged mice reflected differences in protein expression. Western blots of lung proteins were performed, and apoE isoforms were detected using an antibody that recognizes huApoE. As shown in Fig. 8 , lung apoE protein levels in huApoE2 mice were significantly elevated compared with those of huApoE3 or huApoE4 mice. Total lung apoE protein levels were not increased in response to HDM challenge in huApoE2, huApoE3, or huApoE4 mice. These data are consistent with the conclusion that reduced disease severity in huApoE3 and huApoE4 mice is not a consequence of increased expression of the apoE protein.
DISCUSSION
ApoE plays a key role in cholesterol metabolism and influences the risk of coronary artery disease (4) . The primary function of apoE is to clear chylomicron, chylomicron remnants, and very-low-density lipoproteins from plasma via binding to LDLR in the liver, with resultant receptor-mediated endocytosis (10, 15, (22) (23) (24) . Consistent with this, apoE knockout mice have defective clearance of remnant lipoproteins with resultant accelerated atherosclerosis (23, 30, 41) . ApoE also plays an important role in the central nervous system, where it mediates cholesterol transport into neuronal cells and participates in synaptic repair and plasticity (6) .
ApoE is a 34-kDa protein that is comprised of 299 amino acids and is encoded by a gene located on chromosome 19 (24) . When bound to lipid, the apoE protein has a circular horseshoe configuration. Its amino-terminus is a four-helix amphipathic helical bundle that contains the LDLR-binding region, corresponding to amino acids 134 -150, whereas the lipid-binding domain is located in the carboxy terminus. Three common polymorphic alleles of the huApoE gene have been identified (24, 42) . The apoE3 allele is present in ϳ65-70% of humans, whereas the ε2 and ε4 alleles are present in ϳ5-10% and 15-20% of general populations, respectively (6, 22, 24) . The three apoE alleles result in six corresponding genotypes (ε3/ε3, ε3/ε4, ε2/ε3, ε4/ε4, ε2/ε4, and ε2/ε2, listed in descending order of frequency) that modify plasma lipid levels and the risk of coronary heart disease (6, 37) . Carriers of the ε4 allele have higher plasma levels of low-density lipoprotein cholesterol (LDL-C), as well as a higher risk of coronary artery disease than those carrying the ε3 allele (4, 9) . In contrast, carriers of the ε2 allele have lower levels of LDL-C and lower cardiovascular risk, except in 5-10% of ε2/ε2 individuals who develop type III familial hyperlipoproteinemia and accelerated atherosclerosis (4, 19, 33) . ApoE genotypes also modify longevity in Caucasian populations, with survival to advanced age being most likely in carriers of the ε2 allele and least likely in carriers of the ε4 allele (9) . The ε4 allele is a major genetic risk factor for Alzheimer's disease and may be associated with accelerated neurodegeneration in Parkinson's disease and multiple sclerosis (6) . In HIV-infected individuals, the apoE ε4 allele enhances cellular entry and accelerates the progression to development of AIDS and death (7, 24) . Lastly, although several genome-wide associations have been performed on asthmatic populations, an association has not been reported between the huApoE gene and asthma (14, 21, 25, 31) .
Work from our laboratory has shown a role for an apoE-LDLR pathway in the lung as an endogenous negative regulator of AHR and mucous cell metaplasia in an experimental murine model of HDM-induced airway disease (39) . Therefore, we hypothesized that the polymorphic huApoE alleles, which differ in their binding affinities for the LDLR, might differentially modify the pathogenic manifestations of repeated nasal HDM challenges. To address this question, we utilized humanized knockin mice that express the huApoE alleles in lieu of endogenous muApoE (19, 32, 33) . Here, we show that the polymorphic huApoE alleles differentially modify disease severity in response to repeated nasal HDM challenges. Increases in airway inflammation, mucous cell metaplasia, and AHR were not modified in HDM-challenged mice expressing the huApoE2 allele compared with mice expressing the muApoE allele. In contrast, mice expressing the huApoE3 allele, and to a lesser extent the huApoE4 allele, displayed a phenotype with attenuated manifestations of HDM-induced airway disease compared with mice expressing the muApoE allele, which was utilized as a comparator (summarized in Fig. 9 ). In particular, mice expressing the huApoE3 allele displayed significant reductions in AHR, mucous cell metaplasia, and airway inflammation compared with mice expressing Fig. 7 . HDM-challenged humanized apoE ε3 mice have attenuated expression of lung chemokines. Quantification of lung mRNA levels for CCL11, CCL24, CCL7, and CCL17 by qRT-PCR presented as relative mRNA expression (n ϭ 6 mice, *P Ͻ 0.05, huApoE ϩ HDM vs. muApoE ϩ HDM). Results are representative of 2 independent experiments. the muApoE gene. Expression of Th2 and Th17 cytokines, as well as chemokines that participate in mediating the recruitment of eosinophils and T cells (CCL7, CCL11, and CCL24), was also reduced in huApoE3 mice. Although serum IgE levels appeared decreased in huApoE3 mice, the reduction did not reach statistical significance compared with muApoE mice. This shows that the human ε3 allele has a milder effect on serum IgE levels than the human ε4 allele.
Mice expressing the huApoE4 allele displayed an intermediate asthma phenotype with attenuated AHR and serum IgE production compared with mice expressing the muApoE allele, whereas airway inflammation was not decreased despite a reduction in mRNA levels of Th2 cytokines and C-C chemokines. Similarly, neither Clca3 mRNA levels nor mucous cell metaplasia were reduced in huApoE4 mice despite a decrease in Muc5AC mRNA levels. It is not clear, however, why the reduction in mRNA levels of Th2 cytokines and C-C chemokines in HDM-challenged huApoE4 mice did not result in a reduction in airway inflammation or mucous cell metaplasia. This suggests that huApoE4 did not suppress additional proinflammatory mediators or pathways that are sufficient to induce airway inflammation and mucous cell metaplasia. We also found that huApoE4 mice had reduced AHR in response to HDM challenge compared with saline-challenged huApoE4 mice. The reason for the reduced AHR in HDM-challenged huApoE4 mice is not clear, but a similar finding has been observed in another study of Der p1-challenged C57BL/6 mice, which also showed a reduction in AHR in response to HDM challenge, compared with saline challenge, despite the induction of airway inflammation and mucous cell metaplasia (17) . Taken together, these findings suggest that huApoE4 may modulate distinct pathways or sets or genes that regulate AHR independently of airway inflammation and mucous cell metaplasia in C57BL/6 mice.
The plasma lipoprotein profiles of mice expressing huApoE alleles reflect the relative LDLR binding affinities of the huApoE proteins (18, 28) . Furthermore, these mice have previously been demonstrated to have phenotypes consistent with the function of the corresponding huApoE alleles. For example, mice expressing the huApoE2 allele fed an atherogenic diet recapitulate a type III hyperlipoproteinemia phenotype, whereas mice expressing the apoE ε4 allele had increased plasma cholesterol compared with mice expressing the huApoE3 allele (19, 33) . Consequently, this model system has been utilized to assess the biological effects of huApoE polymorphisms on the pathogenesis of complex human diseases, such as atherosclerosis (28) . Our results suggest that altered binding affinities of the huApoE2 protein to the LDLR may in part contribute to the differential effects of the polymorphic apoE alleles in modulating the pathogenesis of airway responses to repeated HDM challenges. Mice expressing the huApoE2 allele, which has significantly reduced binding to the LDLR, did not modify the manifestations of HDM-induced airway disease. In contrast, mice expressing the huApoE3 allele, which binds avidly to the LDLR, significantly attenuated the key pathogenic manifestations of HDM-induced airway disease. The huApoE4 allele, which has similar LDLR binding but altered structural properties compared with the huApoE3 Fig. 9 . Summary of airway responses to repeated HDM challenges in humanized apoE knockin mice.
Apo E β-Actin Fig. 8 . Expression of huApoE in the lungs of humanized apoE ε2, ε3, and ε4 mice. Lung protein expression of huApoE by humanized apoE ε2, ε3, and ε4 mice was assessed by Western blotting using an antibody directed against huApoE. Equivalency of protein loading was assessed using an antibody directed against ␤-actin. (n ϭ 3 mice, *P Ͻ 0.001, huApoE2 ϩ saline vs. huApoE3 ϩ saline or huApoE4 ϩ saline and huApoE2 ϩ HDM vs. huApoE3 ϩ HDM or huApoE4 ϩ HDM). Duplicate samples are shown.
allele, had an intermediary effect on disease severity (24) . The differential effects of the huApoE3 and huApoE4 mice on HDM-induced airway disease, however, suggest that additional factors, such as structural differences that modify molecular interactions, might in part account for the contrasting ability of apoE3 and apoE4 to attenuate airway inflammation and mucous cell metaplasia despite similar binding affinities for the LDLR. For example, the huApoE3 and apoE4 proteins have different side chain orientations and salt bridge rearrangements that modify how their amino-and carboxy-termini interact with lipoproteins (24) . These structural differences result in preferential binding of huApoE4 to large, triglyceride-rich very-lowdensity lipoproteins, whereas huApoE3 and apoE2 preferentially bind to small, phospholipid-rich high-density lipoproteins.
Prior studies have suggested several potential mechanisms by which apoE may attenuate the pathogenesis of HDMinduced airway disease. Recently, it has been shown that apoE may mediate its effects via binding to the SET protein, which functions as a physiological inhibitor of protein phosphatase 2A (PP2A) (8, 34) . Following internalization, apoE binds to SET, resulting in an increase in PP2A activity, which attenuates signaling by NF-B, MAPK, and Akt pathways. HuApoE3 and apoE4 have also been shown to suppress proliferative and delayed type hypersensitivity responses by human T cells (20) . ApoE can bind and facilitate the presentation of lipid antigens by antigen presenting cells via a mechanism that involves receptor-mediated endocytosis (35) . Similarly, B cells have been shown to present lipid antigens to NKT cells via a pathway that involves both apoE and the LDLR (1). Consistent with this being a LDLR-mediated event, B cells can present lipid antigens and activate NKT cells utilizing either huApoE3 or apoE4, but not apoE2, which is defective in LDLR binding. Facilitation of antigen presentation by apoE, however, would be expected to augment immune responses, rather than attenuate airway inflammation. In addition, our laboratory is actively investigating additional mechanisms by which the apoE-LDLR pathway attenuates disease severity in HDM-induced airway disease.
We also found that levels of apoE in the lungs of mice expressing the huApoE2 allele were significantly greater than mice expressing either the huApoE3 or E4 alleles. This demonstrates that the greater ability of huApoE3 and huApoE4 to attenuate HDM-induce airway disease did not simply reflect an increase in protein levels. Of note, plasma apoE protein levels have previously been shown to be increased in huApoE2 mice compared with huApoE3 or apoE4 mice (19) . Furthermore, we were surprised that HDM-challenge did not increase apoE protein levels in lung homogenates from mice expressing either the huApoE2, 3, or 4 alleles, as we had previously demonstrated that HDM-challenge increases apoE mRNA expression in the lung (39) . This suggests that constitutive levels of apoE protein in the lung modulate the severity of HDM-induced airway disease.
In summary, we have shown that huApoE alleles differentially modify key pathogenic responses to nasal repeated HDM challenges, which can be stratified, in rank order of increasing disease severity, ε3 Ͻ ε4 Ͻ ε2. Compared with muApoE, the huApoE3 allele confers a protective phenotype with reduced airway hyperreactivity, mucous cell metaplasia, and airway inflammation, whereas the huApoE4 allele has an intermediate asthma phenotype with selectively attenuated AHR and serum IgE production. Lastly, the huApoE2 allele did not modify HDM-induced airway disease. These results suggest that the polymorphic apoE alleles might modify asthma severity in human subjects. Further studies, however, would be required to establish whether the results from this experimental murine model system are applicable to human disease. If applicable, our results suggest that asthmatic carriers of the ε2 allele might have increased disease severity compared with carriers of the ε3 or ε4 alleles. This would be most relevant for individuals with the ε2/ε2 genotype, who comprise less than 1% of the population (11, 38) . In contrast, ϳ59 -66% of individuals have the ε3/ε3 genotype, whereas ϳ1-2% have the ε4/ε4 genotype. Additional studies would also be required to assess the effect of heterozygous huApoE genotypes on asthma severity.
